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Human embf7onic stem (ES) celts are pluripotent cells derived from 
the inner cell mass of in vitro fertilized human blastocysts. We 
examined the potential of eight growth factors (basic fibroblast 
growth factor (bFGF), transforming growth factor pi {TGf-fi^), 
activin-A, bone morphogenic protein 4 (BMP-4), hepatocyte 
growth factor (HGF), epidermal growth factor (EGF), f} nerve 
growth factor {fiHGf), and retinoic acid] to direct the differentia- 
tion of human ES-denved cells in vitro. We show that human ES 
ceils that have initiated development as aggregates (embryoid 
bodies) express a receptor for each of these factors, and that their 
efferts are evident by differentiation into cells with different 
epithelial or mesenchymal morphologies. Differentiation of the 
ceils was assayed by expression of 24 cell-specific molecular mark- 
ers that cover all embryonic germ layers and 11 different tissues. 
Each growth factor has a unique effect that may result from 
directed differentiation and/or cell selection, and we can divide the 
overall effects of the factors into three categories: growth factors 
(Activin-A and TGF/31) that mainly induce mesodermal cells; factors 
(retinoic acid, EGF, BMP-4, and bFGF) that activate ectodermal and 
mesodermal markers; and factors (NGF and HGF) that allow dif- 
ferentiation into the three embryonic germ layers, including 
endoderm. None of the growth factors directs differentiation 
exclusively to one cell type. This analysis sets the stage for directing 
differentiation of human ES cells in culture and indicates that 
multiple human cell types may be enriched in vitro by specific 
factors. 

Human embryonic stem (ES) cells were recently derived from 
human blastocysts and shown to form differentiated em- 
bryonic tumors (teratomas) when injected into muscles or testis 
of severe combined ininiunodeficieney (SCID) mice (1, 2). In 
addition, human ES cells spontaneously form embryoid bodies 
(EBs) composed of three embryonic germ layers, on their in vitro 
aggregation (3). Siniilariy, human embryonic germ cell lines 
were established from fetal primordial germ cells, and they were 
also shown to spontaneously differentiate /// vitro (4). 

ES cells are unique in their ability to grow indefinitely in 
culture while retaining a normal, karyotype. Consequently, 
human ES cells may be useful as a source of cells for 
transplantation in numerous pathologies, and as a component 
in biomedical engineering. In addition, the study of human ES 
cells may enlighten us on early stages of human development. 
To investigate these potentials, we have begun to explore the 
regulation and manipulation of differentiation of human ES 
cells in culture. 

In tlie past years, several soluble factors were shown to direct 
differentiation of mouse ES cells; e.g., IL-3 directs cells to 
become macrophages, mast cells or neutrophils (5); lL-6 directs 
cells to the erythroid lineage (6); retinoic acid induces neuron 
formation (7, 8); and transforming growth factor (TGF)-j3I 
induces myogenesis (7, 9). In several studies, differentiation was 
induced in the ES cells by culturing them on different feeder 
layers (J O, 1 1), However, in most experiments, the growth facton 
and inducing agents are not directly applied to ES cells, but 
rather to aggregates of ES celLs or simple embryoid bodies. These 



simple EBs form after leukemia inhibitory factor (LIF) is 
removed and the cells are cultured for 2-5 days, during which 
time they form intercellular contacts and may initiate signaling 
and spontaneous differentiation. For example, the differentia- 
tion of neuronal and muscle cells was achieved by exposing cells 
from simple EBs to retinoic acid (7, 8) and TGF-j3 (7, 9), 
respectively. 

None of the examined factors exclusively directs differentiation 
to only one cell type, but rather altei"s the relative proportions of a 
specific cell type. An alternative strategy to obtain a uniform 
population of differentiated cells is the selection or sorting of 
specific cells from within a heterogeneous population (12-14). 

The differentiation of human ES cells into embryoid bodies 
or teratomas is spontaneous and uncontrolled; i.e., the exper- 
imenter cannot determine which cell types will form /;/ vivo or 
in vitro (1-3), As a first step toward achieving the directed 
differentiation of human ES cells, we analyzed the effects of 
eight different growth factors on embryonic cells in culture. By 
using assays for 24 cell -specific molecular markers, we were 
able to point out the effects of the examined growth factors on 
the differentiation status of 11 tissues derived from human ES 
cells. 

Materials and Methods 

Cell Culture. Human ES cells [H9 clone (1)] were grown on mouse 
embryo fibroblasts in 80% KnockOut DMEM, an optimized 
Dulbecco's modified Eagle's medium for ES cells (GIBCO/ 
BRL), 20% KnockOut SR, a serum-free formulation (GIBCO/ 
BRL), 1 niM glutamine (GIBCO/BRL), 0.1 mM /3-mercapto- 
ethanol (Sigma), 1% nonessential amino acids stock (GIBCO/ 
BRL), 4 ng/ml basic fibroblast growth factor (bFGF) (GIBCO/ 
BRL), and 10^^ units/mi LIF (GIBCO/BRL), LIF helps retain 
the hES cells in an undifferentiated state. We used 0.1% gelatin 
(Merck) to cover the tissue culture plates. To induce formation 
of EBs, ES cells were transferred by using 0.1%/ 1 mM trypsin/ 
EDTA (GIBCO/BRL) to plastic Petri dishes to allow their 
aggregation and prevent adherence to the plate. Human EBs 
were grovvn in the same culture medium, except that it lacked 
LIF and bFGF. The EBs were cultured for 5 days and then 
dissociated with trypsin and plated on tissue culture plates 
coated with 50 ^g/ml Fibronectin (Boehringer Mannheim). In 
each experiment, about 10^ ES cells were transferred to a 
100-mm Petri dish to allow creation of EBs and then plated again 
after 5 days on a 100-mm tissue cultutc plate as monolayer. Tlie 
cells were grown in the presence of the following human 
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Fig. 1. Induced differentiation of human ES-derived cells in culture. A schematic representation of the differentiation protocol (see Materials and Methods). 
{6) Various morphologies of ES cells before and after induced differentiation: I, a colony of ES cells on feeders; M-Vl, differentiated cells cultured in the presence 
of HGF, activin-A, RA, bFGF, or BMP-4, respectively. Note the small size of ES cells in the colony in comparison with the size of the differentiated ceils. Scale bar = 
1 00 tim. 



recombinant growth factors: bFGF (9), 10 ng/ml (GIBCO/ 
BRL); TGF-i3l (9), 2 ng/ml (R&D Systems); activin-A (15), 20 
ng/ml (R&D Systems); bone morphogenic protein 4 (BMP-4) 
(15, 16), 10 ng/ml (R&D Systems); hepatocyte growth factor 
(HGF)/scatter factor (17), 20 ng/mi (R&D Systems); epidermal 
growth factor (EGF) (17), JOO ng/ml (R&D Systems); /3 nerve 
growth factor (NGF) (18), 100 ng/ml (R&D Systems); and 
retinoic acid (RA) (8, 19)» 1 (Sigma). Under these condi- 
tions, the differentiated embryonic (DE) cells were grown for 
another 10 days. All of the examined growth factors are absent 
from the commercially available KnockOut serum replacement 
in which the embryonic cells were cultured. 

Reverse Transcription (RT)-PCR Analysis. Total RNA was extracted 
by using Atlas Pure Total RNA Labeling Kit (CLONTECH). 
cDNA was synthesized from 1 fig total RNA, by using Advantage 
RT-for-PCR Kit (CLONTECH). cDNA samples were subjected 
to PCR amplification with DNA primers selective for the human 
genes. For each gene, the DNA primers were derived from 
different exons to ensure that the PCR product represents the 



specific mRNA species and not genomic DNA. PCR was per- 
formed by using the CLONTECH AdvanTaq Plus RT-PCR kit 
and by using a two-step cycle at 68°C. 

Primers were synthesized for the following human genes: 
neurofilament heavy chain (NFH), phosphoprotein enriched in 
astrocytes {PEA-J5), ultra high sulfur keratin (keratin), dopa- 
mine p hydroxylase (Dpi I), follicular stimulating hormone 
(FSH), enolase, myosin light polypeptide 2 (myosin), cartilage 
matrix protein (CMP), renin, kjulUkrein, wilms tumor 1 (WTl), 
p'globin, ^g/o/?/>7, cardiac aclin (cACT), albumin, al an ti- trypsin 
(alAT), lipase, amylase, PDX-L insulin, glucagon , surfactant, 
parathyroid hormone (PTH), a-feto protein (itf P), retinoic acid 
receptor type a (RARa), hepatocyte growth factor receptor 
(C'MEl')y nerve growth factor receptor (NGFR\ fibroblast 
growth factor receptor type I (FGFRf), transforming growth 
factor receptor type IJ (TGFRII), epidermal growth factor 
receptor (EGFR), activin receptor type IIB (ACTRIfB), bone 
morphogenic protein type II (BMPRH), octamer binding protein 
4 (0CT4), glyceraldehyde 3-phosphate dehydrogenase (G3PD), 
and p-actin. 
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A full description of the primers and their expected products 
appears in our web site: http://www,Is.hujLacj!/-~nissiTnb/ 
facto rs_es/ pr imei's.htinL 

Results 

To direct the differentiation of. human ES cells in vitro, we 
examined the effects of various growth factors on simple EBs 
derived from the human ES cells. For this purpose, we estab- 
lished a protocol in which human ES cells are initially grown on 
a feeder layer of mouse embryonic fibroblasts (MEF) and then 
transferred to gelatin-coated plates and cultured further to 
reduce the number of murine cells in the culture. Differentiation 
into EBs was initiated by transfer to Petri dishes. After 5 days, 
the EBs vvere dissociated, and cells were cultuied as a monolayer 
forming DE cells. This protocol allows for initial differentiation 
of the human ES cells as aggregates and further differentiation 
as a monolayer wherein cells can be exposed to exogenous 
growth factors. A similar protocol is commonly used to direct 
differentiation of mouse ES cells into specific cell types, such as 
neuronal or muscle cells (7-9). En this case, the human DE cells 
were cultured for 10 days in the presence of 8 different growth 
factors: NGF, bPGF, activin-A, TGF-/3J, HOP, EGF, BMP4, 
and RA (Fig. U). 

We first tested for the presence of growth factor receptors at 
the stage when growth factors were to be added to the culture 
(5-day-old EBs). RNA from human ES cells, 5-day-old EBs, and 
10-day-old DE cells was isolated and analyzed by RT-PCR by 
using primers specific to RARa, NGFR, FGFRI, ACTRJIB, 
TGFRII, c-MET, EGFR, and DMPRIL As control, we have also 
examined the expression of OCT'4, a mai'ker of the undifferen- 
tiated cells, and of G3PD, a housekeeping gene. All eight 
examined receptoi*s are expressed in 5-day-old EBs, and most are 
expressed in ES and DE cells (Fig. 2). Notably, four of the 
receptors (TGFfiRlI, c-MEJ\ EGFR, and BMPRIl) are expressed 
at very low levels in human ES cells. The low levels of expression 
may result from partial differentiation in the ES culture as the 
expression of these receptors increases after culture and further 
differentiation. 

Because growth factor receptors are expressed in 5-day-old EBs, 
we could examine the effects of the corresponding ligands on 
differentiation. After several days of culture on plastic and contin- 
uous exposure to growth factors, the cells acquired different 
morphologies (Fig. IB). Without growth factors, cells spontane- 
ously differentiated into many different types of colonies, whereas 
the addition of growth factors produced more mature cell mor- 
phologies, such as syncitial myocytes and neuronal cells. Compared 
with control DE cells, the growth factor-treated cultures were more 
homogenous, and up to half of the culture contained one or two cell 
types. For example, large populations of small cells with pro- 
nounced nuclei are found in cultures treated with HGF (Fig, Ifi, I), 
muscle-hke s>Ticitiums in the activin-A-treated cells (Fig. III), 
neuronal-likc cells in the RA-treated culture (Fig. IB, I V), fibro- 
blast-like cells in tlie cultures treated with bFGF (Fig. IB, V), and 
large round cells in cultures treated with BMP-4 (Fig, IK, VI). 
Tliese varied cell morphologies suggest that specific programs arc 
initiated as a result of growth factor treatment. 

Tlie differentiation induced by growth factors was further 
examined by determining the expression of a panel of 24 
cell-specific genes by using RT-PCR. RNA was isolated from ES 
cells, 20-day-old EBs, 10-day-old DE cells, and DE cells that had 
been treated with either RA, NGF, bFGF, activin-A, TGF-j3l, 
HGF, EOF, and BMP4. cDNA was generated from the various 
samples, and transcripts were amplified by specific primers to 
these genes. For each gene, the two DNA primers were derived 
from different exons to ensure that the PGR product represents 
the specific mRNA species and not genomic DNA. In addition, 
the correct product of amplification from the primers was 
ascertained by amplifying cDNAs from a variety of human adult 



4> 



6y 



RARa 
NGFR 
FGFRl 
ACTRIIB 
TGF^RII 
c-MET 
EGFR 
BMPRII 
OCT4 
G3PD 



Fig. 2. Expression of receptors for various growth factors in human embry- 
onic cells. RNA samples from ES cells, 5-day-old EBs, and 10-day-old DE cells 
were analyzed by RT-PCR for express Ion of specif ic receptors. As a control, RNA 
of 5-day-old EBs was analyzed without the prior generation of cDNA ( -RT). 
For abbreviations of receptors used, see Materials and Methods. 



or embryonic tissues (CLONTECH, MTC Panels) (results not 
shown). Of the 24 cell-specific markers, 16 were expressed in the 
treated DE cells. Most transcripts were also expressed in the 
control DE cells (sec Fig. 14), indicating that many different cell 
types develop from ES cells \yithout a requirement of exogenous 
growth factors. We also note that human ES cell cultures express 
some cell-specific genes, indicating that there is partial sponta- 
neous differentiation in the cultures. 

Several conclusions can be drawn comparing the expression 
pattern of cell-specific markers in the different treatments to that 
of the control DE cells. Some markers are expressed only in the 
presence of a specific growth factor. For example, the adrenal 
marker Dfifl is expressed only when the ceils are treated with 
retinoic acid, and the uro-genital marker WT-1 is expressed when 
either NGF or HGF are added (Fig. 14). In contrast, muscle- 
specific enolase is expressed under all conditions except after 
BMP-4 exposure (Fig. 3A). Some growth factors, e.g., NGF, 
induce expression of a variety of transcripts indicative of cells 
from all three germ layers whereas other factors, e.g., TGF-^l, 
lead to the production of a relatively reduced set of specific 
transcripts. Such an effect may result from direct repression of 
differentiation or from selection against specific cell types. Such 
potential selection is especially relevant to TGF-p, which was 
shown to inhibit epithelial proliferation (20). 

Each of the growth factor induction experiments was repeated 
at least three times. RT-PCR analysis was performed, and a 
schematic representation of the results is shown in Fig. 3/?. 
Induction or repression of gene expression is color-coded, and 
the growth factors were ordered based on their overall induction 
or repression of cell -specific expression. Thus, on the left is the 
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Fig. 3, {A) Analysis of expression of cell-specific genes in human ES cells treated with various growth factors. RNA from E5, 20-day-old EBs, and DE cells treated 
with the different growth factors was analyzed by RT-PCR for expression of seventeen cell-specific genes and two housekeeping genes. The genes were 
categorized by their embryonic germ layer (24), [Note that cartilage may derive from the ectodermal neural crest as well as from the mesoderm (24)], For 
abbreviations of the various gene primers used, see Materials and Methods. {B) Schematic representation of the growth factor effects on gene expression. Results 
are shown from three experiments on the effects of NGF, HCF, EGF, RA, bFGF, BMP4, TGF-pl, or activin-A on the expression of 13 genes. The results are 
color-coded: orange represents similar expression to the control (no growth factor), red represents induction of at least 2-fold, yeilow represents inhibition of 
2-fold or more, and green represent no detectable expression. 



factor (NGF) that induces the greatest variety of cell-specific 
gene expression of the factors tested, and on the right arc the 
factors (BMP-4j activin-A, and TGF-)31) that mostly repress or 
fail to direct differentiation of as many cell types. 

Discussion 

ES cells arc pluripotent cells capable of differentiating into many 
cell types. The recent isolation of human ES cells has attracted 
considerable attention because of the promise of using these cells 
or their derivatives for research in developmental biology and 
medical applications, including cellular transplantation. One 
obvious goal is to manipulate the differentiation of human ES 
cells so that a uniform population of precursors or fully differ- 
entiated cells can be obtained in vivo or /// vitro. Previous work 
with murine ES cells showed that several types of cells can be 
enriched in culture either by the addition of growth factors (5-9, 
2iy 22) or by introduction of transcription factors (23). Whereas 
conditions that direct differentiation of mouse ES cells into 
neuronal, hematopoietic, or cardiac cells have been published 
(5-9), a broad analysis of the effects of various growth factors on 
differentiation into muhiple cell types has not been performed. 

It has already been shown that the human ES cells have the 
capacity to differentiate into derivatives of all three germ 
layers either /// vivo or in vitro (3), but such differentiation is 
spontaneous and unregulated. Our purpose here was to make 



an initial and broad scan for the effects of various growth 
factors and to assess their ability to regulate human ES cell 
differentiation. The protocol devised for inducing human ES 
differentiation consisted of an aggregation step that allows 
complex signaling to occur between the cells (somewhat 
resembling the gastrulation process) and a dissociation step, 
after 5 days as EBs, thereby allowing exposure to exogenous 
growth factors. At the stage of 5 -day-old EBs, at least some of 
the cells are not terminally differentiated, as is evident from 
the expression of OCT-4, a marker for undifferentiated ES 
cells. To determine whether the growth factors we chose to 
employ could affect the human ES cells, we first tested for the 
expression of the their respective receptors. As one might 
expect for pluripotent stem cells, they evidently express a wide 
range of receptors for growth factors. 

Tlie ability to induce specific differentiation was initially 
evident as morphological changes in the DE cell cultures. After 
10 days incubation with a growth factor, DE cells were more 
homogenous and displayed a larger proportion of specific cell 
types, as compared with controls not treated with growth factors. 
To assess their differentiation by gene expression, we analyzed 
the transcription of 24 tissue-specific markers from all three 
germ layers and sublayers. Our results show that 16 of the 24 
examined genes are expressed in the DE cells, representing 11 
different tissues (Fig. 3). These data allow us to specify factors 
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Fig. 4. An interpretation of the effects of various growth factors on in vitro differentiation of human ES-derived cells. Thick arrows and large fonts indicate 
an induction compared with the control {no growth factor) for genes specific to the tissue indicated. Dashed arrows represent a decrease in expression. 
Disappearance of the cell-specific transcripts is symbolized by elimination of the corresponding tissue symbol. 



that can direct differentiation into specific cell types. For exam- 
ple, both NGF and RA induce differentiation into neuronal cclJs 
whereas only RA allowed expression of adrenal markers, and 
only NGF induced expression of cndodermal markers. The 
effects of the growth factors on the overall representation of the 
different cells may result from their direct differentiation or 
from cell selection either by promoting proliferation or by 
inducing apoptosis of specific cell types. 

An interpretation of lineage-specific differentiation induced 
by the various growth factors is summarized in Fig. 4. Clus- 
tering the growth factors based on their effects on differen- 
tiation reveals three groups. The first group (TOF-^il and 
activin-A) appear to inhibit cndodermal and ectodermal cells, 
but allow differentiation into mesodermal (muscle) cells. The 
second group includes factors that allow or induce differen- 
tiation into ectoderm as well as mesodermal cells (RA, bFGF, 
BMP-4, and EGF), whereas the third group (NGF and HGF) 
allows differentiation into all three embryonic lineages includ- 
ing endoderm. 
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Comparing spontaneous with growth factor-induced differenti- 
ation suggests that most of the growth factors inhibit differentiation 
of specific cell types and that this inhibitory effect is more pro- 
nounced than an induction effect. Such an inhibitory effect suggests 
that specific differentiation might also be achieved by using growth 
factor inhibitors, such as follistatin or noggin, to act on any 
endogenous growth factors that might be produced during differ- 
entiation. The work presented here shows that none of the eight 
growtli factors tested directs a completely uniform and singular 
differentiation of cells. At the same time, it c<in be concluded that 
certain classes of growth factors are useful in achieving differenti- 
ation of specific germ layers. These results represent an initial step 
toward achieving fully directed cell differentiation and open the way 
to combining growth factor incubation with vSelectlon methods. 
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